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Low energy collisionally activated dissociations (CAD) of doubly protonated peptides 
incorporating cysteic acid and arginine residues have been studied. Deuterium labeling 
experiments have established that loss of the elements of H,SO, occurs with cleavage of one 
CH bond and transfer of the hydrogen to a neutral fragment. Prominent d-type ions were 
observed corresponding to cleavage at the cysteic acid residue. The analysis of structural 
analogs suggested that the unexpectedly low energy requirement for this process is at- 
tributable to a charge-proximal process promoted by intra-ionic interaction of the arginine 
and cysteic acid side chains. CAD (in the collision hexapole of a tandem quadrupole 
instrument) of electrospray source-formed fragment ions established that the d-type ions can 
form via b-type ions; there was no evidence of formation via (a, + 1) or (b, - H,SO,) ions. 
The equivalent d-ion was observed, albeit with lesser abundance, when the cysteic acid 
residue was replaced by aspartic acid, but not by glutamic acid. 0 1997 American Society for 
Mass Spectromety (J Am Sot Mass Spectrom 1997, 8, 25-31) 
C 
ollisionally activated decompositions (CAD) of 
singly and multiply protonated peptides pro- 
vide a wealth of structural data which have 
been subject to extensive study. In general, the ob- 
served fragmentations differ significantly between low 
and high energy regimes, where the two experiments 
are generally distinguished on the basis of time scales 
and multiplicities of collisions, as well as energetics. 
Low energy CAD is typically performed by using 
triple quadrupole or hybrid/sector/quadrupole in- 
struments and involves laboratory frame-of-reference 
collision energies (E,,,) of less than 100 eV; prominent 
fragmentation processes involve one or more cleavages 
of the peptide backbone [l-3]. The low energy frag- 
mentation processes observed in such experiments are 
generally envisaged to be directed by the site of charge. 
Indeed, the work of several laboratories [3-61 has 
contributed to the general hypothesis that efficient low 
energy decompositions of peptide ions via multiple 
pathways is promoted by a precursor ion population 
which is heterogeneous with respect to the site of 
charge. 
An important characteristic of high energy CAD 
analyses (generally applied by using multisector in- 
struments and by using Elab > 1 keV) is that structural 
information is derived from the observation of con- 
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comitant fragmentation of an ammo acid side chain 
and the peptide backbone [7]. Thus, for example, 
cleavage of the p/y carbon/carbon bond accompany- 
ing backbone cleavage yields the d-type ion when 
charge retention is on the N-terminal fragment. (The 
nomenclature adopted is the Biemann [g] variant of the 
Roepstorff and Fohlman 191 system.) The commonly 
accepted mechanism [7] is shown in Scheme I and 
involves cleavage remote from the site of charge. A 
different mechanism has been proposed by Teesch and 
Adams [lo] to explain the formation of analogous ions 
by fragmentation of the C-terminal ammo acid residue 
in metal cationized peptides. In this case also, how- 
ever, the fragmentation is envisaged to occur remote 
from the site of charge. Whereas generalizations con- 
cerning the energy requirement for charge-remote 
fragmentations are problematical 1111, the consistent 
finding has been that the overall transition of proto- 
nated peptide to d-type ion (and to the analogous 
w-type ion where charge retention is on the C-terminal 
fragment) has a high energy requirement [2]. In a 
systematic study, Martin [12] correlated the relative 
abundances of d- and u-type ions [and of the (a + 1) 
intermediate] with the collision energy employed by 
using a four-sector instrument. d-Ions prominent in the 
product ion spectrum of a protonated renin substrate 
peptide (M, = 1758) by using a collision energy (Elab) 
of 750 eV (corresponding to an E,, = 52 eV) were 
absent from the spectrum recorded with an Elab = 130 
eV (E,, = 9 eV). Similarly, Alexander et al. [13] 
demonstrated that concomitant backbone and side- 
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Scheme 1. Mechanism rationalizing the formation of d,, ions via 
the (n,, + 1) intermediate. 
chain fragmentation of protonated leucine-enkephalin 
was observed in the collision quadrupole of a hybrid 
sector/quadrupole instrument only if Elab > 200 eV 
(corresponding to an E,, = 11 eV). Wysocki and co- 
workers [14] showed that d,, and zo,, ions can form 
during the surface-induced dissociation (SID) of pep- 
tides by using center-of-mass collision energies of 
20-80 eV. 
Here we report the observation of highly favored 
formation of d-type ions under conditions of low en- 
ergy CAD ( E,, < 1 eV) of doubly protonated peptides 
containing strongly basic and acidic amino acid 
residues. The observation is rationalized in terms of 
charge-proximal fragmentation promoted by interac- 
tion of the basic and acidic groups and therefore ex- 
tends our previous observations [5, 151 on the signifi- 
cance of such intra-ionic interactions in determining 
the extent and nature of the fragmentations of proto- 
nated peptides. 
Experimental 
Solid-Phase Peptide Synthesis 
Peptides were prepared by using 9-fluoroen- 
ylmethoxycarbonyl (Fmoc) derivatives. Wang resins 
were purchased from Calbiochem/Novabiochem (Not- 
tingham, UK) with the C-terminal residue already at- 
tached. Deprotection was performed by using piperi- 
dine (20% solution) in dimethylformamide (DMF). 
Coupling of the subsequent L-amino acid residues em- 
ployed a solution in DMF containing a fourfold excess 
of the reagents 2-(lH-benzotriazol-1-yl)-1,1,3,3-tetra- 
methyluronium tetrafluoroborate (TBTU), diisopropy- 
lethylamine (DIEA), and the Fmoc-protected amino 
acid. The amino acid residues requiring side-chain 
protection were used as the following derivatives: 
Fmoc-L-arginine, 4-methoxy-2,3,6-trimethylphenyl- 
sulfonyl (Mtr); Fmoc-L-lysine, butoxycarbonyl; Fmoc- 
L-histidine, trityl (Trt); Fmoc-L-serine, t-butyl; Fmoc-L- 
cysteine, t-butyl; Fmoc-L-glutamic acid, t-butyl; Fmoc- 
L-aspartic acid, f-butyl. Arginine-containing peptides 
were removed from the resin and totally deprotected 
by 95% trifluoroacetic (TFA) and 5% anisole. Removal 
of the t-butyl group from the cysteine residue was 
performed by addition of thioanisole, ethane-l,Zdi- 
thiol, and trimethylsilyltrifluoromethylsulfonic acid 
(TMS-TMSA). The resulting peptide was purified by 
precipitation in cold diethyl ether and lyophilized. The 
identity of each synthetic peptide was confirmed by 
mass spectrometry. 
Oxidation of the Cysteke Residue to Cyst& Acid 
Performic acid was prepared by mixing 1000 PL of 
formic acid with 100 PL of aqueous hydrogen perox- 
ide (30% by weight) at room temperature for 60 min. 
An aliquot of this solution (200 PL) was subsequently 
added to the dry peptide (70 wg) and the reaction was 
allowed to proceed for 30 min. The sample was pre- 
pared for analysis by elution through a peptide trap. 
N-Acetylatiorz 
The N-terminal amino group was N-acetylated by 
adding 100 PL of acetic anhydride to the dissolved 
peptide (50:50 MeCN:H,O) and allowing the reaction 
to proceed for 10 min at ambient temperature. The 
mixture was then dried under a stream of nitrogen. 
C-Terminal Truncation by Digestion with 
Cavboxypeptidase B 
Selective removal of the C-terminal arginine residue 
was accomplished by reaction of the peptide (70 pg) 
with carboxypeptidase B (5 pg; Sigma, Poole, Dorset) 
in 100 ILL of ammonium acetate buffer (0.1 M, pH 8.5). 
After incubation at room temperature for 10 min, the 
reaction was quenched by addition of trifluoroacetic 
acid (5 PL). The mixture was passed through a peptide 
desalting trap {polystyrene crosslinked with divinyl- 
benzene, 300-A pore size; Michrom Bioresources, 
Pleasanton, CA), washed with 3 X 100 PL of H,O 
(0.1% HCOOH), and eluted in 100 PL of 80:20 
MeCN:H,O (0.1% HCOOH). 
N-Terminal Truncation by Digestion With Tvypsin 
N-acetylated peptides were dissolved in Tris buffer 
(0.1 M, pH 8.5) and incubated with trypsin (Sigma) for 
2 h at ambient temperature, by using an enzyme:sub- 
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strate ratio of 1:50. The reaction was quenched by the 
addition of glacial acetic acid. 
Deuterium Exchange of Active Hydrogens 
Dry acetonitrile and deuterated water (Sigma) were 
used as solvents in equal proportions, acidified by 
0.1% HCOO’H. The sample delivery system for elec- 
trospray ionization mass spectrometry WI-MS) analy- 
sis was washed with this solution until the [CH,CN + 
HI+ solvent peak was replaced by [CH,CN + *HI+. 
The peptide was dissolved in the deuterated medium 
(20 pmol/pL) and injected as for other experiments. 
Muss Spectrometry 
Low energy collision-induced dissociation experiments 
were performed by using a Quattro tandem quadrupole 
instrument [Micromass (formerly VG Organic), 
Manchester, UK] equipped with an electrospray inter- 
face and upgraded to Quattro II specifications. The 
peptide solution (20 pmol/FL in 50:50 CH,CN:H,O 
acidified by 0.1% HCOOH) was introduced at a flow 
rate of 3-5 FL/mm by using a syringe driver (Harvard 
Apparatus, South Natick, MA). Collision cell voltages 
of lo-20 V were employed for doubly charged ions; 
20-40 V were employed for singly charged ions. Argon 
was the collision gas at a pressure of 1-2 x 10e3 bar. 
Fragmentation was induced in the electrospray inter- 
face by setting the potential difference between the 
cone and the skimmer lenses (representing the region 
in which activating collisions can occur> to 50-65 V, 
rather than the value of 20 V generally used to opti- 
mize yields of the peptide ions; these conditions were 
employed when fragmentation pathways were investi- 
gated by precursor ion scanning or by scanning of the 
products of decomposition of first generation product 
ions formed in the interface region. Data acquisition 
and processing were controlled via the MassLynx data 
system. The tandem mass spectra reported represent 
sums of 20-30 scans with a typical acquisition time of 
approximately 3-5 mm. 
Results and Discussion 
Figure 1 compares the low energy CAD product ion 
spectra of [M + 2H] ‘+ ions derived from RLAIFSCFR 
and the oxidized analog, RLAIFSC*FR, where C* indi- 
cates a cysteic acid residue incorporating a -CH,SO,H 
side chain. The analyses were performed under identi- 
cal conditions of collision energy (E,,, = 30 eV) and 
argon collision gas pressure. The product ion spectrum 
of the [M + 2H]*+ ion of RLAIFSC*FR was reported 
previously [15], but not all aspects of the fragmenta- 
tion mechanisms were elucidated at that time. Both 
peptides afforded multiple N-terminal and C-terminal 
fragment ions, but the product ion yield from the 
oxidized analog was markedly greater. This finding is 
consistent with our earlier general conclusions [15] 
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which established the superior yield and diversity of 
product ions formed via low energy fragmentation 
processes when the precursor ion population is hetero- 
geneous with respect to the site (or sites) of protona- 
tion. Thus, the population of doubly charged ions 
derived from RLAIFSCFR is expected to be comprised 
predominantly of structures incorporating protonation 
of both arginine residues. To promote fragmentation, 
therefore, sufficient energy must be imparted into the 
precursor ion either to promote charge-remote pro- 
cesses or to allow relocation of the proton to other less 
basic sites in the peptide structure. Incorporation of a 
presumptively deprotonated cysteic acid residue in 
RLAIFSC*FR, however, balances the charge of one 
protonated arginine so that the [M + 2H]‘+ ion neces- 
sarily incorporates a further proton without a strongly 
favored site. It is envisaged that this “mobile” proton 
serves as the driving force in promoting diverse low 
energy fragmentations. The formal zwitterionic struc- 
ture implicit in this model is presumably stabilized by 
favored acid-base interaction between arginine and 
cysteic acid side chains. Molecular mechanics calcula- 
tions [15] have established that an energy-minimized 
structure of RLAIFSC*FR involves close interaction 
between the cysteic acid side chain and the guanidino 
group of the N-terminal arginine residue. 
x16 
M+2H]‘* 
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Figure 1. Low energy CAD product ion spectra of the [M + 
ZH]‘+ ion of (a) RLAlFSCFR and (b) RLAIFSC*FR. (For clarity, 
the conventional nomenclature of the product ions is supple- 
mented by indication of the charge state. The asterisks indicate 
additional losses of NH,.) 
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Conversion of the cysteine side chain in RLAIFSCFR 
to a sulfonic acid also results in the promotion of new 
fragmentations which have not been studied previ- 
ously. These include the aggregate loss of H,SO,, 
yielding ions such as [M + 2H - H,SO,]‘+ and (b, - 
H,SO,) (Figure lb). The characteristic difference of 82 
u (82/z mass-to-charge ratio units) between related 
ions [such as b, and (b, - H,SO,)] substantiates the 
site of chemical modification. Analogous product ions 
were observed in the product ion spectrum of [M + 
2H12+ ions of the isomeric peptide, RLC*IFSAFR; 
acid-catalyzed exchange of all labile hydrogens in this 
peptide was performed to study the mechanism of 
H,SO, loss. Figure 2a shows part of the ES1 mass 
spectrum of the isotopically labeled product; efficient 
conversion to the expected [’ H,,l analog is apparent 
with no evidence for partial back-exchange during 
sample introduction or analysis. The low energy prod- 
uct ion spectrum of the [(‘Hzl)M + 2’H]‘+ ion is 
shown in Figure 2b. Fragment ions arising by loss of 
the elements of sulfurous acid are observed exclu- 
sively as [M + 22H - H2HS0s12+ and (b, - 
H’HSOs). Therefore, these decomposition processes 
are the result of a rearrangement involving cleavage of 
a carbon-hydrogen bond. A possible mechanism that 
accounts for the results of the isotopic labeling experi- 
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Figure 2. (a) ES1 mass spectrum showing the [M + Z2H12+ ion 
of [2 H,,]RLC*IFSAFR. No partial exchange was noted under the 
experimental conditions. (b) Low energy product ion spectra of 
the [M + Z2H12- ion of L2 H,, IRLC’IFSAFR. 
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Scheme II. Proposed mechanism for the loss of the elements of 
H,SO,, consistent with isotopic labeling data. 
ment is shown in Scheme II, where H, (or H2H in the 
case of the labeled analog) and SO, are lost as neutrals 
to form a dehydroalanine residue. Analogous loss of 
H,PO, from phosphoserine residues, to yield dehy- 
droalanine, has been reported previously [ 161. 
The low energy CAD product ion spectrum of 
RLAIFSC*FR [M + 2H] ‘+ ions (Figure lb) includes a 
prominent fragment of m/z 731.2, with the apparent 
assignment of d,. In the equivalent product ion spec- 
trum of RLC*IFSAFR an apparent d, fragment (m/z 
313.3) is observed (Figure 2b). Investigations of the 
formation of d-type ions following high energy colli- 
sional activation have indicated a major [7], though not 
exclusive [17], pathway via (a, + 1) ions. In the cur- 
rent studies of low energy CAD, no examples were 
found of the formation of (a, + 1) ions. Several ap- 
proaches have therefore been taken to elucidate this 
apparently novel fragmentation mechanism. Figure 3a 
shows the product ion spectrum (E,,, = 40 eV) of the 
[M + 2H]*+ ion of N-acetyl RLAIFSC*FR, incorporat- 
ing a single site of derivatization at the N-terminus. 
The shift of the putative d, ion to m/z 773.3 confirms 
the assignment as an N-terminal ion. A noteworthy 
difference between the product ion spectra derived 
from RLAIFSC*FR (Figure lb) and its N-acetylated 
derivative is the prominence of the b, ion in the latter 
spectrum. This observation is consistent with the sug- 
gestions of Harrison and co-workers [18, 191 concern- 
ing the stabilization of b-type ions as oxazolone struc- 
tures. 
The low energy CAD product ion spectrum of 
[M + 2H]‘+ ions of the truncated peptide LAIFSC*FR 
(reported previously in [15]) shows a marked reduc- 
tion in the relative abundance of the corresponding 
apparent d-type ion Cd,). In contrast, low energy CAD 
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Figure 3. Low energy CID product ion spectra of the [M + 
W *’ ions of (a) N-acetyl-RLAIFSC’FR and (b) RLAIFSC’F. 
of the [M + 2H12+ of the des-Arg’ analog, RLAIFSC*F, 
showed a d, ion with a prominence similar to that 
observed with RLAIFSC*FR (Figure 3b). The specific 
significance of the N-terminal arginine residue sug- 
gests that the acid-base interaction identified by 
molecular modeling (noted previously) may be influ- 
ential in promoting the d-type fragmentation. 
The origin of this fragment ion type was further 
studied by investigating intermediate fragment ions. 
These experiments were performed by inducing frag- 
mentation in the electrospray interface by using a 
cone/skimmer potential difference of between 50 and 
65 V. The product ion spectrum of the (b,-H,SO,) ion 
of RLAIFSC*FR is shown in Figure 4a. Second genera- 
tion product ions are observed of the types a,, b,,, 
(a,-NH,), and (b,-NH,), where n = 2-6. There is no 
evidence, however, for formation of the d, ion via 
(b,-H,SOJ The d, ion is also absent from the low 
energy product ion spectrum of [M + 2H-H,SO,]‘+ 
(not shown). Thus, loss of H,SO, from the cysteic acid 
side chain precludes further decomposition to d-type 
ions. This is consistent with the notion that the forma- 
tion of the d-ions requires the presence and interaction 
of the cysteic acid and arginine side chains. The prod- 
uct ion spectrum of the source-formed b, ion shows 
the d, species as the most prominent fragment (Figure 
4b). Formation of (b,- H,SO,) is also apparent, as are 
lower members of the b series. A scan of the precur- 
sors of the d, ion from RLAIFSC*FR (not shown) 
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Figure 4. Product ion spectra of source-formed fragment ions: 
(a) the (b, - H,SO,) ion of RLAIFSC*FR; (b) the b, ion of 
RLAIFSC*FR. (The asterisks in the figure indicate additional 
losses of NH,.) 
includes b, in addition to [M + 2H12+ and [M + HI+. 
The equivalent analysis of the precursors of the d, ion 
(m/z 313) of RLC*IFSAFR (Figure 5) similarly con- 
firms that such ions originate under low energy CAD 
conditions exclusively from ions where the cysteic acid 
side chain is still intact. 
The foregoing accumulated evidence suggests a 
mechanism for the formation of d, ions as shown in 
d, 
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I. ~ b, 
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Figure 5. Tandem mass spectrum showing the precursors to the 
d,+ ion of RLC*IFSAFR. 
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Scheme III. Proposed mechanism rationalizing the formation of 
d, ions directly from the [M + 2H]*+ ion. 
Scheme III, which concerns a single stage fragmenta- 
tion of [M + 2H]*+ precursor ions. The interaction 
between the cysteic acid and arginine side chains is 
represented formally in Scheme III as a hydrogen- 
bonded structure; alternative representation as a stabi- 
lized zwitterion does not affect the essence of the 
proposed mechanism. As indicated, the presence of 
charge-balancing (and interacting) cysteic acid and 
arginine residues promotes protonation of the peptide 
backbone. The structure of the precursor in d-ion for- 
mation is envisaged to incorporate protonation of the 
amide moiety C-terminal to the cysteic acid residue, 
promoting a chargedriven fragmentation process 
(Scheme III). The mechanism proposes concomitant 
formation of a complementary y-type ion, which is 
indeed observed. 
Scheme III suggests the importance of the relative 
positions of the basic and acidic centers. Collisional 
activation of the [M + 2H]‘+ ion of LAIFSC*FR (data 
not shown) results in a comparatively low yield of the 
d, ion. Molecular modeling indicates that interaction 
between the cysteic acid side chain and the C-terminal 
arginine is not favored. Furthermore, the putative d- 
type ion possesses no strongly favored site for proton 
attachment. Therefore, any d, ions formed will be 
prone to further dissociation in accordance with earlier 
general observations concerning the stabilities of ions 
incorporating “mobile” protons [4-6, 151. 
The formation of d, ions from the peptides studied 
may be envisaged to occur via b, ions in a manner 
analogous to that proposed for fragmentation of the 
protonated peptides. Scheme IVa shows fragmentation 
of b, ions where these are envisaged to possess an 
acylium ion structure. Recent studies have suggested 
that the b, ion is generated by nucleophilic attack by 
an amide carbonyl oxygen on the adjacent carbonyl 
group [18-201. Harrison and co-workers [18, 191 sug- 
gested that the reaction is initiated by proton attach- 
ment to the amide nitrogen. Hunt and co-workers [201, 
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Scheme IV. Proposed mechanism rationalizing the formation of 
d, ions via the corresponding b, ion: (a) b, ion represented as 
the acylium ion structure; (b) b, ion represented as a protonated 
oxazolone. 
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on the other hand, proposed that the amide carbonyl is 
the protonation site. Ultimately, both reaction schemes 
lead to an identical oxazolone structure and following 
collisional activation both protonation sites may be 
represented in the precursor ion population. Ab initio 
calculations further suggested that fragmentation of 
b-type ions by loss of CO (yielding a-type ions) proba- 
bly proceeds via initial conversion to the acyclic 
acylium structure Il81. Formation of the d-type ions 
observed in the present work may be envisaged to 
occur either directly from the oxazolone form of the 
corresponding b-ion (Scheme IVb) or via conversion to 
the acylium ion form. 
tions provide uniquely compelling evidence for the 
influence of intra-ionic interactions on peptide frag- 
mentations and are therefore of general importance to 
the understanding of peptide gas-phase ion chemistry. 
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Studies of other peptide sequences incorporating 
both acidic and basic residues suggest that the gas- 
phase chemistry proposed here is of general signifi- 
cance, but that the effects are most pronounced when 
interaction between the strongly acidic side chain of 
cysteic acid and the strongly basic guanidino group of 
arginine is involved. For example, peptide analogs 
(RLEIFSEFR and RLDIFSDFR) containing glutamic acid 
and aspartic acid in place of cysteic acid have been 
analyzed. [M + ZH]*+ ions of RLDIFSDFR produce 
both d, and d, ions whereas RLEIFSEFR does not 
exhibit this fragmentation. The observation is consis- 
tent with the proposed mechanism (Scheme III). The 
aspartate side chain (--CH,COOH) and the cysteic acid 
side chain (-CH,SO,OH) each possess a single methy- 
lene group, whereas the glutamate side chain 
(-CH,CH,COOH) contains an additional methylene 
spacer, thus precluding the formation of d,-type ions 
by the same pathway. Interestingly, previous studies 
of the high energy CAD of singly protonated peptides 
have suggested that d, ions derived from cleavage of 
aspartic and glutamic acid side chains are formed by 
different pathways 1171. Thus, d, ion formation involv- 
ing the glutamic acid residue of singly protonated 
RKEVY occurs via the (a, + 1) ion; when the glutamic 
residue is replaced by aspartic acid, the intermediate 
ion is a3. 
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